We report an experimental study of quantum transport for atoms confined in a periodic potential and compare between thermal and Bose-Einstein condensation (BEC) initial conditions. We observe ballistic transport for all values of well depth and initial conditions, and the measured expansion velocity for thermal atoms is in excellent agreement with a single-particle model. For weak wells, the expansion of the BEC is also in excellent agreement with single-particle theory, using an effective temperature. We observe a crossover to a new regime for the BEC case as the well depth is increased, indicating the importance of interactions on quantum transport. DOI: 10.1103/PhysRevLett.96.150401 PACS numbers: 03.75.Kk, 03.75.Lm In recent years, the topic of quantum transport of weakly interacting particles has attracted increasing attention both theoretically and experimentally [1] [2] [3] [4] [5] . Likewise, experimental efforts to explore the dynamics of BEC atoms in lower dimensions [6 -8] have also received considerable attention. Well-tailored magnetic or optical trapping potentials have proven to be very useful tools for reproducing conditions that closely approximate quasi-1D or quasi-2D systems. In particular, investigations tied to the dynamics of Bose-Einstein condensates (BECs) in quasi-1D optical lattices have proven to be highly nontrivial. It has already been shown that transport phenomena of weakly interacting particles can play a major role in modifying the dynamics of Bloch oscillations [2], coherence [9] , superfluidity [10], nonlinear self-trapping [11] , and inhibited transport [12] .
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In this Letter, we study the effect of interactions on the quantum transport of bosonic atoms in a stationary optical lattice in regimes not studied previously and find qualitatively new behavior. We measure the expansion rate as a function of optical lattice depth for noninteracting (thermal) and weakly interacting atoms (BECs) confined in a quasi-1D waveguide. We understand the expansion of thermal atoms using band theory for a single, noninteracting particle. In the case of a BEC, we assign an effective temperature to the BEC and compare the data with the theory for thermal atoms at that effective temperature. The agreement is good for low well depths where the expansion rate is larger than the velocity of sound in the BEC. For higher well depths, however, we measure a considerably slower expansion than expected by our simple model that does not include the effect of mean field interactions. Additionally, the density profiles of the expanded BEC atoms exhibit large discrepancies with single-particle predictions.
Our experimental sequence begins with a Zeemanslower loaded magneto-optical trap of 2 10 9 sodium atoms. The atoms are optically pumped into the F 1, m F ÿ1 state and transferred to a ''cloverleaf'' type Ioffe-Pritchard type magnetic trap [13] , with trapping frequencies of ! ? 2 324 Hz and ! z 2 20 Hz in the radial and axial directions, respectively. After 20 s of rf evaporation we create pure BECs with 5 10 6 atoms. (By changing the final rf evaporation frequency we can also create thermal atom samples with no discernible trace of BEC atoms.)
A Nd:YAG (1064 nm) optical tweezer, with a spot size (1=e
2 ) of 180 m and power of 6.35 W at the location of the atoms, is then adiabatically (100 ms) ramped on around the BEC atoms. While being held by the optical tweezer, the original anisotropic magnetic trap is transformed in three stages into a quasi-1D magnetic waveguide [6] . First, the curvature field (axial direction) is turned off in 20 ms so that we create a flat waveguide. Next, a gradient field in the axial direction is adjusted in 50 ms to compensate for any tilt along the axial direction [14] . Finally, atoms are allowed to equilibrate during 500 ms before the start of expansion in the waveguide. This entire procedure has no measurable heating effect and can efficiently transfer more than 2 10 6 of nearly pure BEC atoms. The trap frequencies in this hybrid trap are 2 3171 Hz and 2 751 Hz in the radial and axial directions, respectively. Lifetimes in this hybrid trap have been measured to be over 10 s.
Great effort was invested to optimize the flatness of the waveguide. To this extent, both the tilt and flatness of the magnetic waveguide were studied extensively. Atoms were released from the optical tweezer and both their center-ofmass motion as well as their spatial extent were measured. This procedure was repeated for different initial positions along the waveguide, covering a total distance of 750 m (375 m from the center of the trap). We compared expansion rates for each initial position and found them to be indistinguishable. By displacing the cloud in the axial direction, we tracked one quarter of an oscillation from which we estimated the frequency to be ! z 2 820 mHz. We also verified that the density profiles remained fixed in the radial direction throughout an entire expansion [15] . All measurements were ultimately limited by the resolution of our imaging system (5 m) and the finite current control of the linear gradient and curvature coils.
The final transition of our experimental sequence is made as atoms are loaded into the optical lattice while being held by the optical tweezer. We ramp on a periodic potential in 60 ms along the axis of the waveguide. This length of time was chosen to be sufficiently long as to minimize heating. The periodic potential, which has a form Vz V 0 sin 2 k L z, is created by a repulsive standing wave of far off-resonant light ( 532 nm) whose waist at the location of the atoms is 120 m. Well depths as high as s V 0 =E R 18 can be attained.
is the recoil energy and k L 2=. For our experimental parameters, the spontaneous scattering rate can be neglected as atoms expand in the optical lattice. Also, the Rayleigh length (8.5 cm) of the optical lattice beams is substantially larger than the extent of expansion (500 m) and therefore does not cause significant variation in the well depths.
The release from the optical tweezer into the periodic potential is done rapidly (<10 s). We verify, from timeof-flight measurements, that this release retains nearly 0.9(1) of the condensate fraction. We also rule out significant heating caused by the optical lattice as determined by holding the atoms in the hybrid trap in the presence of the optical lattice with a maximum well depth of s 18. Condensate fractions as high as 0.8(1) are measured for holding times of 500 ms.
After a variable expansion time in the waveguide, all trapping fields are turned off and the atomic distribution is detected by absorption imaging after 3 ms of free expansion, from which we measure the axial rms width . Figure 1 shows a sample of the long time expansions of thermal and BEC atoms for optical potential depths s 1:6; 4:9. It clearly depicts that thermal atoms with T 0:16T R (here, T R 2E R =k B ) have a faster expansion rate than BEC atoms for a given lattice well depth.
Figure 2(a) shows the dependence of expansion rate (d=dt) on the lattice depth. The atom number used for the BEC data is N 1:74 10 6 (solid squares) and for thermal atom data is N 0:92 10 6 (solid circles). s 0 corresponds to free expansion in the waveguide. In the absence of the periodic potential, thermal atoms have a linear expansion rate of 13:89 mm=s and BEC atoms have a linear expansion rate of 8:11:7 mm=s. The expansion rate for thermal atoms in the waveguide is consistent with their time-of-flight measured temperature, which is T 0:16T R . It is also verified that expansion rates in the waveguide are proportional to the square root of the initial temperature.
For finite well depths (s > 0) single-particle band structure theory is used to describe the ballistic expansion of thermal atoms in the lattice. This theory is based on a standard 1D periodic lattice model and has no adjustable parameters. Additionally, this theory is not based on the Gross-Pitaevksii equation and no effect of interaction has been included. We assume the thermal atoms initially satisfy a Maxwell-Boltzmann distribution. We also assume that their distribution in k space remains unchanged while loading the atoms (adiabatically) into the optical lattice. The dynamics, then, of an individual atom inside the optical lattice is governed by the semiclassical equations of motion:
where v k is the velocity of an atom in the periodic potential, k is quasimomentum, and Ek is the energy per particle in the presence of the periodic potential.
In the absence of any external forces, the evolution of the atomic distribution in the periodic potential can be written as
where ! z 2 75 Hz is the trapping frequency of the optical tweezer and T is the temperature of the atoms, which can be deduced from the free expansion in the waveguide. By calculating fz; t we can predict both density profiles and expansion rates (d=dt). As depicted in Fig. 2(a) , this model is in good agreement with the data collected for expansion rates for thermal atoms. For our initial BEC conditions, the atoms in the trap are described accurately by the Thomas-Fermi approximation. This approximation to the Gross-Pitaevksii equation neglects kinetic energy and predicts the interaction energy per atom to be E int =N 2=7 , where / N 2=5 is the chemical potential of the BEC [16] . Prior to release from the optical tweezer our BEC has a chemical potential of 7 kHz for N 1:7 10 6 atoms. For free expansions in the waveguide we measure the kinetic energy in the axial direction and find E kin =N 1:9=7 . Although the dynamics of the first phase of expansion are very complex, what we measure implies that only the interaction energy is released [6] . The potential energy does not convert into the kinetic energy in the axial direction: a result which is the same for thermal atoms. This analysis also agrees with our observation that the density profiles do not change in the radial direction throughout the entire expansion.
In the case of interacting atoms, we expect the result to deviate from the predictions of this simple model. For relatively low well depths (s & 6), surprisingly, we find that the expansion rates versus well depth for a BEC fit very well using the theory for noninteracting atoms. For high well depths, however, we observe that the theory clearly deviates from the experimental results.
For low well depths, the rate of expansion exceeds the estimated velocity of sound (3 mm=s) for our typical initial peak densities of BEC atoms (8 10 13 =cm 3 ) [17] . During such fast expansions, the BEC as a whole no longer behaves as a single entity, but as a collection of individual atoms. Interactions, we observe, seem to play very little role for such expansions. As suggested in Ref. [18] , we can thus ascribe an effective temperature to the expanding atoms which is obtained by fitting the data point s 0 for the BEC atom data (in this case T 0:06T R ). For higher well depths the interaction-driven dynamics of the BEC atoms is more complex than what singleparticle theory can predict. From Fig. 2(b) we observe that there is a trend for BEC atoms to expand much less than the rate predicted by single-particle band structure model. In the case of the expansion rate measured for s 17:9, the rate was found to be nearly half of the expected value with errors less than 10% in the uncertainty of expansion.
The rms value of the density distribution is not sufficient in comparing the complete dynamics of the interacting and noninteracting case. We therefore compare the raw line shapes of thermal and BEC atoms in Fig. 3 . We use the same single-particle band structure theory to predict profiles for thermal atoms and for BEC atoms using the concept of effective temperature and we then compare the line shapes with experimental data. According to the theoretical model, the development of sharp edges in the density profiles is a consequence of the maximum allowed velocity in the lowest band of the optical lattice. for hotter atoms, density profiles like those seen in Fig. 3(a) are typical. At high well depths the maximum allowed velocity becomes smaller than for low well depths, therefore atoms must be allowed to expand for longer times in order for the appearance of density profile edges to be observable.
The density profiles for thermal atoms are in excellent agreement with theory, as shown in Fig. 3(a) . In the case of BEC atoms, the density profiles are not in good agreement with the theory predicted profiles for high well depths. As shown in Fig. 3(b) we have observed the long time evolution of the density profile for BEC atoms. In 100 ms the atoms have expanded from an initial rms waist of 90 m to 120 m. The waist of the profile is noticeably larger than the predicted value using the theoretical model. This discrepancy is due, in part, to the initial interaction strength of the BEC atoms. It is well known that for large atom number a Thomas-Fermi distribution will acquire a profile that differs in size from that of thermal atoms [16, 19] . For longer times, however, we have observed that the atoms expand less than the model predicts. We do not see transport stop for any well depth, i.e., the sharp edges continue to grow with the maximum velocity allowed in the lowest band. Likewise, we do not believe atoms stop or slow down due to axial trapping frequency because we have noted that their expansion still grows linearly for times greater than 800 ms.
These phenomena can be understood in a simple way. The interaction between atoms can have two opposite effects on the expansion of BEC atoms. On the one hand, the repulsive mean field tends to decrease the effective well depth, which will increase the tunneling rate between nearest wells and expedite the expansion. On the other hand, nonuniformity of the mean field due to a density gradient can break the periodicity of the potential, which can suppress the expansion. For low well depth (s 2-6) optical lattices, the density, and collision rate for BEC atoms drops by nearly a factor of 3 when atoms are allowed to expand for just 10 ms. Therefore when the well depths are shallow and the density is low, both effects are small and produce a result for the BEC atoms that cannot be distinguished from the noninteracting atom result. Consequently, kinetic energy dominates the mean field effects on expansion for BEC atoms. For high well depth optical lattices, the effect of nonuniformity dominates and causes the suppression of dynamics of the rate of expansion for BEC atoms [11, 18] .
In summary, we observe a crossover from interacting to noninteracting dynamics in a variety of optical lattices. This work should stimulate further theoretical work on the transport properties of BEC atoms and thermal induced decoherence [20] .
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